Objective: Follow up of osteoarthritis (OA) and evaluation of structure modifying OA drugs require longitudinal data on cartilage structure. The aim of this study was to analyse the long term and resegmentation precision of quantitative cartilage analysis with magnetic resonance imaging (qMRI) in vivo, and to relate precision errors to the estimated cartilage loss in OA.
Introduction
Magnetic resonance imaging (MRI) now permits direct visualization of articular cartilage [1] [2] [3] . In conjunction with three-dimensional image post-processing [2] [3] [4] [5] [6] it can provide accurate data on cartilage morphology in healthy volunteers 3, 4 , on age-dependent changes 7 , on cartilage loss in osteoarthritis (OA) 8 , and on cartilage deformational behavior 7, 9, 10 . Cartilage volume, thickness and deformation are potentially valuable surrogate endpoint markers for OA, because clinical symptoms are only weakly correlated with objective disease status 11 . Pain and functional deficits are therefore probably unreliable indicators of clinical outcome, such as time to joint replacement. To test the efficacy of new therapeutic compounds for OA, it is therefore essential to demonstrate their actual capacity to slow down or stop the structural (morphological) breakdown of articular cartilage tissue 12, 13 . Recent advances in molecular engineering have raised hopes that new types of treatment for OA will become available. However, the appropriate diagnostic tools for demonstrating and optimizing the structural efficacy of these compounds have not yet been well developed 12 .
Joint space narrowing in conventional radiographs presents the current gold standard for this purpose [14] [15] [16] [17] [18] , but it is sensitive to malpositioning, ideally requiring fluoroscopic control of joint position during image acquisition. The use of ionizing radiation prohibits use in healthy volunteers, and the method provides accurate data only in the medial, but not in the lateral compartment of the femorotibial joint 14 . Moreover, the technique cannot differentiate between femoral and tibial cartilage loss and does not reveal the distribution pattern of tissue destruction throughout the joint surface [14] [15] [16] [17] [18] [19] [20] . As a surrogate marker, joint space narrowing provides a relatively small dynamic range 12 , because measurements do not reveal initial cartilage loss in the rarely articulating joint regions (floor effect), and because clinically relevant structural changes can still take place after the joint space has been obliterated at one site (ceiling effect). More importantly, recent papers have indicated that joint space narrowing in early OA may reflect meniscal extrusion rather than the actual loss of cartilage thickness 19, 20 .
Apart from marker responsiveness, measurement precision is a crucial issue in diagnostics and in clinical trials 12 , because it determines the magnitude of alterations that can be resolved with statistical confidence (methodological sensitivity). Previous studies have assessed the interscan precision of quantitative cartilage imaging under short-term imaging conditions, with the joint being repositioned in the same session [2] [3] [4] [8] [9] [10] 17, [21] [22] [23] [24] . These studies, however, do not account for factors such as MR scanner drift, changes in measurement conditions (temperature, humidity etc.), or changes in patient conditions between imaging sessions, which apply to longitudinal studies. Patient conditions may vary, as physical activity can significantly alter cartilage thickness 7, 9, 10, 25 . Variable patterns of physical activity prior to imaging may therefore introduce errors to quantitative cartilage imaging. Because cartilage segmentation involves user interaction [2] [3] [4] [5] [6] [21] [22] [23] , precision errors are also to be expected when image analysis is not performed in one session, but at different points in time (resegmentation) due to human performance drift and/or technical differences in segmentation conditions.
The purpose of this study was thus to systematically analyse the resegmentation and long-term precision of quantitative MR imaging of articular cartilage in relation to short term (interscan) precision, and to relate precision errors to the estimated tissue loss (magnitude of change) in OA.
Methods
The study protocol was ratified by the local ethic committee, and written informed consent was obtained from the volunteers prior to the examination. MR imaging was performed with a 1.5 T magnet (Magnetom Vision, Siemens, Erlangen, Germany) and a circular polarized transmitreceive extremity coil. To obtain high-contrast and highresolution images of the cartilage within a short acquisition time, we used a spoiled 3D gradient-echo sequence (FLASH=fast low angle shot) with selective water excitation (RF amplitude ratios 1-2-1; TR=17.2 ms, TE=6.6 ms; FA=20°) 8, 24, 26, 27 . The acquisition time for one sagittal dataset of the entire knee was 9 min 41 s, with a spatial resolution of 1.5×0.31×0.31 mm 3 (field of view=160 mm; matrix=512 2 pixels). This sequence has been previously shown to provide accurate measurements of cartilage volume and thickness in comparison with conventional fat-suppressed gradient echo images 26 , CT arthrography, A-mode ultrasound 27 , and water displacement of surgically removed tissue in patient with total knee replacement 8 .
The right knee joints of 14 healthy volunteers (age 22 to 27 years, mean 24±3 years; eight male, six female) were imaged four times in one session, with repositioning of the knee in between acquisitions ( Fig. 1 ). Twelve of these 14 volunteers were imaged again twice over the next months, the interval between the first and second session being 97±49 days, and that between the second and third session 162±99 days ( Fig. 1 ). In two of the 14 volunteers only the first session could be completed, because one suffered from claustrophobia in the scanner and one became pregnant during the study; however, all 14 subjects were available for the analysis of short term and resegmentation precision.
The MR imaging data were transferred digitally to a workstation (Octane Duo, Silicon Graphics Inc., Mountain View, CA). A semiautomated B-spline Snake algorithm was used for segmentation of the patellar, femoral, and tibial cartilage 5 . Two operators were involved in the analysis of long-term and resegmentation precision, one student (LH), and one technician (AG). The cartilage volumes were determined by numerical integration of all voxels attributed to the various plates during the segmentation process, and the size of the joint surface area and bone cartilage interface by triangulation 28 . The mean and maximal cartilage thickness were computed independent of the original section orientation by 3D Euclidean distance transformation 4 . To obtain data for various parts of the femur, the condyles were interactively separated from the trochlea at the level of the intercondylar notch 29 . Note that volume and surface area for these subregions have to be interpreted with some care, because the separation does not follow a defined anatomical landmark and is, to some degree, arbitrary.
Segmentation was performed during one session for the four datasets obtained at the first imaging session (shortterm precision) and also during one session for the datasets obtained in the three imaging sessions (long term precision). One dataset in each volunteer was segmented at three different occasions (resegmentation precision), the interval between the first and second post-processing session being 244±89 days, and that between the second and third session 65±14 days ( Fig. 1 ). Precision errors were analysed as the median, and as the root mean square (RMS) standard deviation (S.D.) as well as coefficient of variation (CV%=standard deviation divided by the mean ×100) of replicated measurements 30 . The precision errors for long-term and resegmentation conditions were compared with those under short-term conditions, using a paired non-parametric test (Wilcoxon signed rank test; Statview 4.5, Abacus Concepts, Berkeley, CA). The longterm precision error in the medial tibia was related to the cartilage loss in patients with severe varus OA 8 . Table I shows the root mean square and median standard deviation of repeated analyses. Values for cartilage volumes in the medial tibia were 56 mm 3 (RMS SD) for short term, 84 mm 3 for long term, and 61 mm 3 for resegmentation conditions. In Table II , the precision errors are expressed as CV%. Taking the femur as one entity, the precision errors for single surfaces for volume, mean thickness, surface area, and bone cartilage interface ranged from 2.0 to 3.6% (RMS CV%) for short term, from 1.9 to 3.9% for long term, and from 1.5 to 4.6% for resegmentation conditions (Fig. 2) . The precision errors for long-term imaging conditions had a trend to be larger, but were not statistically different from those under short term conditions ( Fig. 2 ). There was no systematic change (decrease or increase) of the values in sequential sessions. The resegmentation errors were statistically larger than under shortterm conditions for the patellar cartilage volume (4.6% vs 2.0%) and for the mean thickness of the lateral tibia (3.1% vs 2.4%, Fig. 2 ). The resegmentation errors were substantially smaller than the variability between individuals studied (Table II; Fig. 3 ).
Results
When analysing subregions of the femur, the precision error was found to be in the same range as in other surfaces in the trochlea, but precision errors were larger in the lateral, and in particular in the medial femoral condyle (Table II ).
Discussion
In this study we have systematically analysed long-term and resegmentation precision of quantitative MR imaging (qMRI) of knee joint cartilage, and we have related the precision errors to the estimated tissue loss in OA 8 . We have recruited young, healthy volunteers rather than OA patients, because otherwise it is impossible to reliably discern scanner drift and actual tissue loss. It has been shown that healthy, elderly subjects at age 50 to 70 display a loss of cartilage volume and thickness of approx. 4% per decade in comparsion with healthy volunteers at age 30 or younger 7 . We therefore assume that the young individuals in this study have not experienced relevant tissue loss during the course of the study. With regard to the application of the results to OA patients, it is important to note that the short-term precision errors in patients with severe OA are higher when being expressed as CV% (due to the lower mean values to which the standard deviation is related), but they are very similar to those in healthy volunteers when being expressed as standard deviation directly 8 . We therefore believe that the findings on the effect of long-term Values in bold should be interpreted with care, because they depend on the interactive separation of the femoral subregions that do not follow a clear anatomical landmark.
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imaging and resegmentation precision reported in this study also apply in principle to the study of OA patients.
In the present study, the long-term precision error in the medial tibia (84 mm 3 ) was considerably smaller than the estimated tissue loss in the medial tibia in patients with varus OA (1290 mm 3 ), valgus OA (710 mm 3 ) and bicompartmental OA (1550 mm 3 ), which was decided from cross-sectional data obtained immediately prior to knee arthroplasty 8 . The precision error in the lateral tibia (77 mm 3 ) also compared very favorably to the cartilage loss in patients with varus OA (1150 mm 3 ), bicompartmental OA (1840 mm 3 ), and valgus OA (1780 mm 3 ) 8 . Future studies will have to show whether a similar loss also occurs in the femur and patella, and how the precision errors relate specifically to the magnitude of changes with OA.
As recommended by Glü er and co-workers 30 , we examined 12 to 14 individuals at least three times, to achieve 24 to 28 degrees of freedom of the precision analysis. This ensures that the RMS-SD and CV% for the analyses does not deviate by more than approx. 30% from the real precision error in the population (upper 95% confidence interval), whereas smaller samples involve the risk of more severe under-(or over-) estimation of the precision errors. For the same reason, we have computed the RMS of individual coefficients of variations for repeated analysis, in which larger precision errors contribute more strongly to the mean 30 . Computation of the median CV%, in contrast, ignores larger precision errors, but was additionally reported here for better direct comparison to other studies (e.g. Buckland-Wright et al. 15 ).
Our results for short term errors are in the range of those previously reported, when using a comparable MR sequence and spatial resolution 4, 22, 23 . The smallest precision errors were found when computing cumulative values of the entire knee (1.7%). In the patella, a higher precision (around 1%) has been demonstrated previously with a transverse section orientation 10 , likely because of the partial volume effects at the medial patellar facet occurring with a sagittal image protocol. Results in the tibia were comparable to those obtained with a coronal section orientation 24 , the sagittal protocol having the advantage that all cartilage plates can be examined from the same dataset. Precision errors in the total femur and in the trochlea were in the range of those in other knee joint surfaces, but those in the lateral femoral condyle, and in particular those in the medial condyle were not satisfactory. Since the trochlear values were reproducible, this finding is not explained by inconsistent separation of the three surfaces, but must be do to partial volume effects at the medial and lateral borders of the condyles. This is an important finding as the sagittal protocol is conventionally used in clinical studies. Precision may be improved with a coronal imaging protocol, confining the analysis to subregion of the femoral condyles that are in Values in bold should be interpreted with care, because they depend on the interactive separation of the femoral subregions that do not follow a clear anatomical landmark. contact with the tibia in the extended knee. However, this will have to be tested in future studies.
The short-term precision of minimal joint space width measurements in radiographs has been shown to depend strongly on the particular measurement conditions. Buckland-Wright et al. 15 found the precision (median CV%) to be 6.5% in the medial femoro-tibial compartment in conventional radiographs of extended knees, when manual measurements were performed without magnification. Using a microfocus technique, a semiflexed position of the knee, an automated measurement technique, and image magnification, the precision was improved to 1.6% in vol-unteers and to 3.2% in patients (median CV%). Values in the lateral femoro-tibial compartment, however ranged from 5.5 to 12% 15 and did not correspond with results obtained by arthrography 14 . Other investigators 17, 18 , however, reported higher precision errors (4.0 to 6.5%) also in the medial compartment of the femorotibial joint, despite the use of fluoroscopy.
To our knowledge, only one previous study has assessed the effect of spreading the image acquisition over time (long-term precision), by performing femoral cartilage volume measurements in three healthy volunteers over a period of 2 months 22 . These authors found a precision error of 3.8%, which is at the high end of the range observed in our current analysis. Because some measurements variation has been shown to occur during physical exercise 7, 9, 10 and with normal daily activity 25 , we asked the volunteers to physically rest for 45 min before data acquisition. Under these conditions, variability in patient conditions (e.g. variable patterns of physical activity before imaging) appear to only marginally increase the measurement error.
Our results indicate that the error introduced by performing the post-processing (segmentation) at various points in time (resegmentation) is somewhat higher than that by repositioning the joint (interscan precision) or that by spreading the image acquisitions over time (long-term precision). The segmentation algorithm employed works on an interactive basis and has been shown to provide better interobserver agreement than manual segmentation 5 . Fully automated analysis of cartilage from MR images is, however, currently not feasible, and therefore results depend on user interaction. In our experience, precision errors in the segmentation process are mainly introduced by an inconsistent choice of the rims of the cartilage plate in the periphery, where the tissue is immediately adjacent to synovial folds, the periostium and tendon. This inconsistency can be reduced when sequentially analysing datasets in one session. For this reason it is recommended that in longitudinal studies comparative analyses are eventually performed in one post-processing session. Under these conditions, changes in the range of 5% should be diagnosed with 95% confidence in a single patient for total knee joint cartilage volume and thickness 12 . For single cartilage surfaces, these values are in the range of 7-10%, except for the femoral condyles. Smaller changes can obviously be detected with statistical confidence in groups of patients 30 . Data on the rate (rather than the magnitude) of tissue loss in OA are not yet available for quantitative cartilage imaging. However, together with the precision reported here, these data can serve for sample size calculations for epidemiologic studies and clinical trials, see Appendix 32 .
Here we show that-except for the femoral condylesmeasurement errors are substantially lower than the intersubject variability, and this also applies when relating it to the variability within one gender 7, 29, 31 . When recruiting patients into clinical trials, the intersubject variability is expected to be even higher, because the effect of tissue loss 8 should aggravate the normal intersubject differences. This indicates that the technology applied is robust in a cross-sectional setting to detect differences between individuals. The technique can thus be used to estimate tissue loss in individual patients based on cross-sectional study designs 8 .
In conclusion, this study shows that scanner drift as well as variation in imaging (temperature, humidity) and patient conditions (physical activity pattern prior to imaging) do not represent a critical problem in quantitative cartilage imaging (qMRI). Because resegmentation errors are somewhat higher, digital postprocessing in longitudinal studies should be preferably performed in one session. The current study suggests that qMRI is a precise and powerful tool for analysing cartilage morphology under physiological and patho-physiological conditions, both in cross-sectional and in longitudinal investigations. The method can be employed for diagnoses, management, and follow up of OA, for selecting patients into clinical trials, and for testing the efficacy of new therapeutic compounds designed to alter structural breakdown of articular cartilage in joint disease (SMOADs).
